Introduction
The interface of green chemistry and nanotechnology presents an exciting horizon for synthesizing green and clean multifunctional metal oxide nanoparticles. Besides silver and gold (1) , biogenic synthesis of nanoparticles has been extended to various metal oxides that exhibit interesting properties (2) (3) (4) (5) (6) (7) (8) (9) . Multifunctional iron oxide nanoparticles (IONPs) have emerged as a promising material for a wide range of applications, such as biomedicine, cosmetics, bioremediation, diagnostics and materials engineering (10) (11) (12) (13) (14) . However, applications of IONPs in biomedicine are growing exponentially. The ability of IONPs in the controlled release of drugs for tissue repair, MRI and treatment of solid tumors has previously been demonstrated (15) . The wide range of applications can be attributed to its ideal properties such as higher surface area, small band gap and stability.
Numerous chemical and physical means are used for the synthesis of iron nanoparticles. Chemical-based methods used in the synthesis of IONPs include thermal decomposition hydrothermal synthesis, reverse micelles, co-precipitation, micro-emulsion technology, sol-gel synthesis, sonochemical reactions, thermolysis and hydrolysis of precursors, electrospray synthesis, flow injection synthesis and colloidal chemistry-based methods (16) . In certain methods such as hydrothermal reaction, co-precipitation and sol-gel process, the dispersion and uniformity of size and particle distribution were poor (17) . Apart from these disadvantages, IONPs have been synthesized using solvents such as sodium borohydride, hydrazine and sodium dodecyl sulfate (18, 19) . Such chemical synthesis methods can generate toxic waste streams that are harmful for the environment and human health (20) . These chemical routes provide more chances of agglomeration of nanoparticles (21) . Likewise, physical means of synthesis are often costly because of intense energy requirements (2) . Hitherto, these physical/chemical methods are effective in synthesis; there is a paradigm shift toward cheap, sustainable, green and eco-friendly methods (22) , which can be used for the synthesis of IONPs. Numerous biological resources such as algae, fungi, bacteria and plants have emerged as costeffective and eco-friendly platforms for the synthesis of nanoparticles. The interface of medicinal plants and biogenic nanoparticles has attracted numerous researchers to fabricate nanomaterials with diverse applications. Medicinal plants have been widely employed and preferred for the synthesis of nanoparticles because of their rich phytochemistry and bioactive components (23) .
Bioinspired synthesis of IONPs has already been demonstrated in some recent reports. Bioactive components of the plant extracts are used as reducing agents in the synthesis process. Highly crystalline IONPs were reported using the aqueous leaf extracts of Azadirachta indica (24) . Camellia-sinensis-mediated IONPs indicated four times larger surface area relative to the commercial ones (25) . Lawsonia inermis, Amaranthus dubius, Rosmarinus officinalis, Melaleuca nesophila, Padina pavonica, etc., are some of the other medicinal plants being effectively used in the biosynthesis of IONPs (15) . Furthermore, these green IONPs were found to be nontoxic to human beings when compared to their chemically produced counterparts and also indicated higher biocompatibility and impressive antimicrobial properties (26) (27) (28) .
This contribution reports on the bioinspired synthesis of nano-scaled single-phase pure maghemite Fe 2 O 3 nanoparticles, bio-engineered for the first time via complete green process using the aqueous leaf extracts of Sageretia thea as an effective reducing as well as capping agent without addition of any further chemical components (acids/base).
Materials and methods

Plant material
Plant material processing
The plant sample collected from Islamabad was taxonomically verified as S. thea (Osbeck.) in the Department of Plant Sciences, while the herbarium specimen (MOSEL-343) was deposited in the herbarium of Molecular Systematics and Applied Ethnobotany Lab (MoSAEL), Department of Biotechnology, Quaid-i-Azam University, Islamabad. Fresh and healthy leaves were excised, washed with distilled water, dried and ground to fine powder in a Willy mill. Powdered plant material was stored and used further for aqueous extraction.
Biosynthesis of IONPs
The standard procedure as established by previous authors for the biosynthesis of metal oxide nanoparticles was used with minor modifications (22) . Thirty grams of plant material was added to 200 mL of deionized water and heated at 80°C for 1 h on a magnetic stirrer hotplate for the extraction of bioactive components. Solid residues were removed by filtering the resultant solution three times using Whattman filter paper. To 100 mL of filtered solution (pH:5.7), 6.0 g of iron sulfate hepta hydrate (Alfa Aesar) was added as a precursor salt and heated at 85°C for 2 h. The color of the solution changed from brownish dye to violet color, and the pH was recorded as 4.3. Reaction mixture was cooled and centrifuged at 10,000 rpm for 10 min to collect the precipitate assumed as IONPs. The obtained precipitate was washed three times with distilled water, dried and annealed at 500°C to obtain highly crystalline IONPs. Annealing was performed to ensure full crystallization of the nanoparticles as well as decomposition of any extra compound from the natural extracts, not involved in the biosynthesis reaction.
Physical characterizations
To confirm the pure phase of maghemite IONPs, the annealed IONPs were subjected to intensive physical characterization techniques such as X-ray diffraction, Fourier Transformed Infrared Spectroscopy, Raman spectroscopy, Energy Dispersive Spectroscopy (EDS), Selected Area Electron Diffraction and High resolution Scanning/ Transmission electron microscopy. XRD analysis was carried using X-ray diffractometer (Model: Bruker AXS D8 Advance) with irradiation line Kα of copper (λ = 1.5406 A°) while their corresponding size was calculated using Debye-Scherer equation (<Ø size > = Kλ/Δθ 1/2 cosθ). Vibrational properties of IONPs were studied using Raman spectra recorded over the spectral range (0-2000 cm
) using laser line of 473 nm with average excitation power of 2.48 mW. To investigate the major functional groups in the aqueous extracts of S. thea, Attenuated Total Reflectance (4000-600 cm ) was carried out for the powdered aqueous extracts using Thermo Scientific Nicolet iS10 Spectrometer (Thermo Scientific, Waltham, MA) equipped with a Smart iTR ATR accessory, with a diamond crystal. FTIR analysis for the bioinspired IONPs was carried out over the spectral range of 400-4000 cm -1
. Elemental composition was investigated using EDS while for morphological and shape observations HR-SEM and HR-TEM were used.
Antimicrobial activities
2.4.1. Antibacterial activity Disc diffusion assay (29) was used to investigate the antibacterial activities against five pathogenic bacterial strains (Escherichia coli, Bacillus subtilis, Staphylococcus epidermidis, Klebsiella pneumoniae and P. aeruginosa), while their minimum inhibitory concentrations were investigated using broth dilution assay. Fresh cultures were standardized to the optical density of 0.5, which corresponds to 1 × 10 8 CFU/mL. Uniform microbial lawns were prepared using sterilized bent glass rod after dispensing 100 µL of already standardized culture. Filter discs (6 mm) loaded with 10 µL IONPs (1000-31.25 µg/mL) final concentrations were carefully placed on the microbial lawns while gentamycin disc (10 µg) was used as positive control. Zones of inhibitions were recorded in millimeters on a vernier caliper. MICs were calculated using broth dilution assay by applying further lower concentrations of bioinspired IONPs. (Table 1 ).
Biocompatibility assays
Human RBCs
Hemolytic assay was carried out to study the compatibility of bioinspired IONPs using fresh isolated RBCs from healthy blood donor (34) . One milliliter of the freshly collected blood was centrifuged at 14,000 rpm for 5 min for isolation of erythrocytes. Erythrocytes suspension was prepared by adding PBS (pH 7.2) to 200 µL of isolated erythrocytes. Hundred microliters of different test concentrations of IONPs were added to 100 µL of erythrocytes suspension and incubated for 1 h at 35°C in 96-well plate. After incubation, samples were centrifuged at 10,000 rpm for 10 min. Absorbance of the collected supernatant was monitored at 530 nm to find the percent hemoglobin release. DMSO and Triton X-100 were used as negative and positive controls. Percent hemolysis was found out using the following equation:
Human macrophages
Cytotoxicity of bioinspired IONPs was also determined against freshly isolated human macrophages. Macrophages were isolated using the blood of a healthy donor using the previously described standard procedure based on ficoll-gastrografin density gradient (density = 1.070 g/mL) (35) . A typical procedure comprises slow dissolution of ficoll (5.7 g in 95 mL distilled water to which 5 mL of gastrografin has been previously added). Hank's buffer salt solution was used for dilution of blood, which was layered gently on the ficoll-gastrografin, followed by centrifugation at 400 g for 30 min and purification with percoll gradient (density 1.064 g/mL) adjusted with sterilized deionized water. The white-layered macrophages isolated were cultured in RPMI medium enriched with heat-inactivated FBS (10%), Hepes (25 mM) and antibiotics (Streptomycin: 0.1 mg/mL; Penicillin: 100 U/mL). Cells were cultured to a density of 1 × 10 5 cells/well in a humified incubator with 5% CO 2 . Percent inhibition was calculated using the below formula:
Protein kinase inhibition
Streptomyces 85E strain cultured in ISP4 minimal media was used to investigate the protein kinase inhibition activity of bioinspired IONPs. Filter paper discs loaded with 10 µL of serially diluted IONPs were placed after on the culture plates after making uniform lawns. Surfactin was used as positive control. Zone of inhibition was measured in millimeters after 72 h incubation at 30°C (29).
Alpha amylase inhibition
The microplate method was applied to study the alpha amylase enzyme inhibition potential of the bioinspired IONPs (31) . Reaction mixture is composed of 15 µL PBS and 25 µL α-amylase enzyme, 10 µL of test samples and 40 µL of starch solution. Positive and negative controls were composed of acarbose and deionized water respectively. Percent enzyme inhibition was calculated as:
where "OD S ," "OD N " and "OD B " correspond to the optical densities of sample, negative control and blank.
2.9. Antioxidant activities 2.9.1. DPPH-free radical scavenging 2,2-Diphenyl 1-picrylhydrazyl (DPPH) radical scavenging ability was investigated using different test concentrations (200-1 µg/mL) by the spectrophotometric method (31) . Reagent solution was prepared by adding 2.4 mg of DPPH to 25 mL of methanol. Ascorbic acid was considered positive control, while DMSO was used as negative control. 200 µL of reaction mixture is composed of 180 µL of reagent solution and 20 µL of test sample. After incubation for 1 h, readings were recorded at 517 nm to investigate the percent scavenging of DPPH, which was calculated using the following formula:
where "AB S " and "AB C " correspond to absorbance of sample and absorbance of control.
Total antioxidant capacity
Total antioxidant capacity (TAC) was investigated using phosphomolybdenum method (36 
Total reducing power
The K 3 Fe (CN) 6 (potassium ferricyanide)-based method was used to investigate total reducing power of bioinspired IONPs (37) . To 50 µL of PBS, 40 µL of test sample was added, followed by incubation at 50°C for 20 min, and then 50 µL of (10%) tri-chloro acetic acid was added. The reaction mix was centrifuged at 3000 rpm for 10 min. To the 166.6 µL of the collected supernatant, 33.3 µL of (0.1%) FeCl 3 was added in a 96-well plate. DMSO and ascorbic acid were used as negative and positive controls. Absorbance was recorded at 630 nm and the results were expressed as ascorbic acid equivalents per milligram.
Results and discussion
Biosynthesis of IONPs
Chemical and physical nanoparticle synthesis procedures are either laborious, time consuming or costly. Sometimes even unwanted toxic chemicals can remain adsorbed to the surface of nanoparticles and eventually hinder its widespread therapeutic applications (38, 39) . A green, cheap, rapid and simple method for the biosynthesis IONPs has been successfully demonstrated for the first time using aqueous leaf extracts of S. thea. Biomimetic synthesis is more acceptable because it has no disadvantages relative to the physical/chemical methods and hence can be effectively applied for biological applications. S. thea has already been used in traditional medicines and in making tea in parts of Korea (Figure 1 ).
Room temperature physical characterizations
X-ray diffraction spectra of the biosynthesized IONPs annealed at 500°C in open air furnace were recorded (Figure 2(A) ). (43, 44) . The position of the peaks was compared on the 2θ scale with earlier reports and their positions were found in close resemblance with the earlier reports (44) (45) (46) (47) (48) . Debye-Scherer equation was employed to calculate the size of average nanoparticles, which was found to be ∼29 nm (Figure 2 (B)). No other components were found up to the level of XRD analysis that underlines the purity of bioinspired IONPs. HR-SEM was carried out to identify the shape of bioinspired IONPs (Figure 3(E) ), which confirms the formation of tetragonal crystalline shape, in line with the XRD data. The size of the as-synthesized nanoparticles was found in agreement to the size calculated using XRD data by Scherrer approximation. Moreover, a large concentration of the particles was of the size of ∼30 nm, which aligns with the data collected through XRD and digitization of via image J software. Particle distribution was studied through HR-TEM and the results perfectly simulated the data generated from XRD analysis ( Figure 3(A and B) ). Spotty pattern in the SAED analysis also confirms the crystallinity of IONPs (Figure 3(C) ). Vibrational features of the biogenic IONPs were studied using FTIR. FTIR spectrum was recorded over the spectral range (4000-400 cm -1 ). Characteristics of IR absorption were studied (Figure 4(A) ). An FTIR absorption peak of ∼500 cm -1 corresponds to the characteristic Fe-O vibration mode as indicated in the earlier studies (49, 50) . Broad -OH stretching can be observed at ∼3400 cm
, which is usually attributed to the presence of phenolic compounds. Other IR absorption peaks can be observed at ∼1100-1200, 1600 and 2200 cm -1 , which can be attributed to the -C-O, -C=O and -CN functional groups, respectively. These IR absorptions are attributed to the phytochemical components that are used in the reduction, capping as well as stabilizing of the IONPs. These bioactive components remained adhered to the biogenically synthesized IONP even after being subjected to a high thermal annealing temperature of 500°C. Figure 4 (B) indicates Raman spectra recorded at using Argon laser green excitation λ exc = 514 nm. Spectrum indicates Raman shift at ∼388, ∼500 and ∼772 cm , which corresponds to T 2g , E g and A 1g Raman active phonon modes specific to maghemite. Maghemite generally has three Raman active phonon modes (51). Pronounced peak A 1g is enough to assign maghemite phase to the biosynthesized IONPs, which is in line with the data obtained from XRD and in agreement with earlier reports. Here, it is noteworthy to mention that positioning of the peaks varies with the method used in synthesis and distribution vacancies within the unit cell (52) . To the best of our knowledge, maghemite-phase IONPs have never been reported via green chemistry. To further investigate the elemental composition of the bioinspired IONPs, EDS was employed (Figure 4(C) ). No other elements except carbon have been indicated by the EDS analysis. Peak of carbon is attributed to the grid support.
Antimicrobial properties of bioinspired IONPs
Antibacterial properties of bioinspired IONPs were investigated against five pathogenic strains (E. coli, B. subtilis, S. epidermidis, K. pneumoniae and P. aeruginosa) across different concentrations (1000-31.25 µg/mL) using disc diffusion assay and their corresponding MICs were investigated at concentrations <31.25 µg/mL to the bioinspired IONPs. In general, all bacterial strains were susceptible to the biogenic IONPs, while S. epidermidis and P. aeruginosa were found most susceptible with MICs of 7.8 µg/mL each. It is interesting to note that earlier reports indicated no activity for chemically synthesized IONPs against P. aeruginosa at very high concentrations such as 50 mg/mL (53) . However, as indicated in our results ( Figure 5 ), P. aeruginosa was significantly inhibited. Similarly, moderate antibacterial activities were reported for IONPs synthesized with Balanites aegyptiaca oil by the co-precipitation method (54) . Medicinal plants with antimicrobial potential have rarely been used for biosynthesis of IONPs. Our results suggest significant antibacterial activities against human pathogenic bacterial strains. Antifungal activities against five pathogenic strains were demonstrated ( Figure 6 ) using linear growth inhibition. Antifungal activity was evaluated against M. racemosus, A. niger, A. flavus, A. fumigatus and R. solanai. Linear growth inhibition was recorded at all of the tested concentrations (i.e. 2-0.5 mg/mL). Percent inhibition was found to be highest against R. solanai (79.03% ± 2.90), A. fumigatus (74.58% ± 3.15) and M. racemosus (74% ± 3.20) and at 2 mg/mL. However, none of the tested sample gave percent inhibition greater then positive control Amp B. It is noteworthy to mention that the antifungal activities of the biogenically synthesized IONPs against the selected bacterial strains using linear mycelial growth inhibition assay have never been performed. We further conclude a dose-dependent response toward bioinspired IONPs.
Several researchers have tried to explain the antimicrobial effects of IONPs. Many researchers have considered generation of reactive oxygen species leading to cellular oxidative damage as a mechanism for the nanomaterial based microbial toxicity. A part from ROS generations, other non-oxidant factors such as membrane damage because of sorption of nanoparticles to the surface can lead to cellular injury. Similarly, surface defects in the nanoparticle symmetry can also contribute to the enhancement of antibacterial properties by causing injury to the cells (55) . In addition, we further propose the role of bioactive functional groups such as phenols adhered from the aqueous leaf extracts of S. thea used in capping-stabilizing IONPs have a significant contribution to antimicrobial potency.
Cytotoxic activities
3.4.1. MTT cytotoxicity against axenic L. tropica cultures Leishamniasis has an annual incidence rate of ∼1.2 million, while the parasite has been endemic in 100 countries. Previous treatment of Leishmania included antimonial compounds, which are not preferred anymore because of drug resistance and associated side effects (56) . Metal-oxide-nanoparticle (oxides of zinc, titanium, magnesium)-based treatments have gained popularity because of their impressive cytotoxicity against Leishmania (56); however, biosynthesized IONPs have never been explored for their toxicity against L. tropica (KMH23). Biogenically synthesized IONPs in the range of 200-1 µg/mL were investigated via MTT cytotoxic assay against the promastigote and amastigote axenic cultures of L. tropica (Figure 7 ). Bioinspired IONPs were found to have significant inhibition against Leishmania parasite in promastigote as well as amastigote form. IC 50 values were calculated as 17.2 µg/mL and 16.75 µg/mL for promastigote and amastigote, concluding the futuristic possibilities of the use of bioinspired IONPs in antileishmanial therapies.
Brine shrimp cytotoxicity
To further confirm the cytotoxicity of bioinspired IONPs, they were further screened against brine shrimps to investigate the percent mortality. Brine shrimps (Artemia salina) are used as a standard to screen the cytotoxic compounds, which can be further studied for their anticancer and antimicrobial properties. Cytotoxicity testing of brine shrimps further confirmed the potential cytotoxic behavior of bioinspired IONPs, as indicated in Figure 7 . Bioinspired IONPs were found to be highly active at 200 µg/mL with 100% indicated by the 100% mortality of brine shrimps. At lower concentrations, there is a gradual decrease in the cytotoxic behavior. Median lethal concentration (IC 50 ) was calculated as 16.46 µg/mL. These results confirm the cytotoxic behavior of biosynthesized IONPs.
Biocompatibility against human macrophages and RBCs
MTT cytotoxic assay was performed against freshly isolated human macrophages through the ficoll method. Macrophages are the important cells responsible for the immunity of a person against infections. Results of the MTT cytotoxicity are indicated in Figure 7 . Percent inhibition of macrophages at 200 µg/mL was investigated to be 47 ± 2.34%; when a least concentration applied, the percent inhibition was reported as 3.6 ± 1.1%. IC 50 values calculated using table curve was found to be significantly higher (i.e. >200 µg/mL). Figure 7 also indicates the percent hemolysis induced by bioinspired IONPs. Hemolytic activity is based on the release of hemoglobin, which is induced by the test sample. If a given sample is hemolytic, it will cause rupturing of RBCs, which results in hemoglobin release. This hemoglobin release, which has been resulted after incubation of erythrocyte suspension with the test sample (IONPs), can be quantified with the help of a spectrophotometer; hence the lysis of RBCs is quantified. Hemolytic assay was carried out at different concentrations. Median lethal concentration was investigated at >200 µg/mL. According to "American Society for Testing and Materials Designation," substances with >5% hemolysis are hemolytic, 2-5% slightly hemolytic while <2% non-hemolytic (57). From our results, it can be inferred that bioinspired IONPs are non-hemolytic at low concentrations.
In the results presented in Figure 7 , it is evident that bioinspired IONPs are more toxic to all cells except human cells as indicated by their biocompatibility. Generally, the human cells such as macrophages have an inherent capacity to deal with the ROS generated from any source. Therefore, the reactive oxygen species generated at low concentrations are not cytotoxic to human cells such as RBCs and macrophages unless the concentration is increased beyond limit (58) . A detailed proposed mechanism for the IONPs-based cytotoxicity has been indicated in Figure 8 .
Enzyme inhibition assays
Protein kinase inhibitors represent a fascinating area of research with respect to the treatment therapies for cancer (59) . These enzymes are responsible for the phosphorylation of serine-threonine and tyrosine residues that play a pivotal role in cellular division, differentiation, apoptosis and other metabolic processes. Deregulated phosphorylations at serine-threonine and tyrosine residues can lead to the progression of tumor. Hence, chemical entities having a capacity to inhibit PK enzymes are extremely valuable. In the Streptomyces 85E strain, protein kinases play a pivotal role in the formation of hyphae. Same strain was employed to investigate the protein kinase inhibition potential (60) of bioinspired IONPs. Following disc diffusion assay, significant zones of inhibitions were observed (i.e. 39-17 mm) from highly concentrated to the least concentrated samples (2000-62.5 µg/mL), which relates to the significant PK inhibition activity of the biogenically synthesized IONPs. Therefore, a potent signal transductor inhibitor is identified in the form of bioinspired IONPs. Results are summarized in Figure 9 , while a detailed mechanism of protein kinase inhibition is indicated in Figure 10 . In Figure 10 . Proposed role of biosynthesized IONPs as protein kinase inhibitor for tumor growth prevention: (A) the activity of protein kinase in response to growth stimuli, which is followed by activation of growth factors by phosphorylation activity of protein kinase; and (B) by interfering with the protein kinase enzymes, protein kinases could not initiate the signaling cascade responsible for the proliferation of the cell, hence division is inhibited.
addition, the bioinspired IONPs indicated insignificant alpha amylase inhibition (IC50 > 200 µg/mL). The alpha amylase enzyme is involved in the metabolism of carbohydrates by converting them into glucose and therefore it is linked to the postprandial blood glucose excursion in a person suffering from diabetes. Hence, the conversion to glucose from starch can be blocked by inhibition of alpha amylase enzyme and therefore it represents a key area of diabetes research (61, 62) 3.6. Antioxidant activities Figure 11 indicates the antioxidant activities performed on the biosynthesized IONPs engineered via the aqueous leaf extracts of S. thea. Free radical scavenging activity was performed using DPPH. Moderate percent radical scavenging was observed at higher concentrations of 200 µg/mL (i.e. 54.08 ± 2.3%). Free radical scavenging was reported for all of the applied concentrations (200-1 µg/mL). IC 50 for the DPPH activity was calculated as 339 µg/mL. DPPH is based on the formation of yellowish diphenyl picrylhydrazine molecule when DPPH moiety is reduced by accepting a hydrogen or electron from a donor. TAC is based on the conversion of Mo(VI) to Mo(V) and a subsequent formation of greenish Mo(V)-phosphate complex having maximum absorption at 695 nm (36) . Maximum antioxidants in terms of ascorbic acid equivalents/mg were found as 14.3 ± 1.01 for the tested concentration of 200 µg/mL. TAC indicates the ability of a test compound to quench ROS. Reducing power assay was performed and highest reducing power (15.24 ± 1.45) was investigated for the test concentration of 200 µg/mL. Reducing power assay includes the investigation of reductones that are related with anti-oxidation potential by donating H-atom that results in the breakage of free radical chain (63) . Since aqueous leaf extracts of S. thea were used as a reducing, capping as well stabilizing agent, it can be inferred that some bioactive components which are retained as capping agents have contributed to the antioxidant activities of the biogenic IONPs. 
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